Diarrhea is one of the most common infirmities affecting international travelers, occurring in 20 to 50% of persons from industrialized countries visiting developing regions. Enterotoxigenic Escherichia coli (ETEC) is the most common causative agent and is isolated from approximately half of the cases of traveler's diarrhea. Rifaximin, a largely water-insoluble, nonabsorbable (<0.4%) antibiotic that inhibits bacterial RNA synthesis, is approved for use for the treatment of traveler's diarrhea caused by diarrheagenic E. coli. However, the drug has minimal effect on the bacterial flora or the infecting E. coli strain in the aqueous environment of the colon. The purpose of the present study was to evaluate the antimicrobial effect and bioavailability of rifaximin in aqueous solution in the presence and absence of physiologic concentrations of bile acids. The methods used included growth measurement of ETEC (strain H10407), rifaximin solubility measurements, total bacterial protein determination, and assessment of the functional activity of rifaximin by monitoring inhibition of bacterial ␤-galactosidase expression. Solubility studies showed rifaximin to be 70-to 120-fold more soluble in bile acids (approximately 30% in 4 mM bile acids) than in aqueous solution. Addition of both purified bile acids and human bile to rifaximin at subinhibitory and inhibitory concentrations significantly improved the drug's anti-ETEC effect by 71% and 73%, respectively, after 4 h. This observation was confirmed by showing a decrease in the overall amount of total bacterial protein expressed during incubation of rifaximin plus bile acids. Rifaximin-treated samples containing bile acids inhibited the expression of ETEC ␤-galactosidase at a higher magnitude than samples that did not contain bile acids. The study provides data showing that bile acids solubilize rifaximin on a dose-response basis, increasing the drug's bioavailability and antimicrobial effect. These observations suggest that rifaximin may be more effective in the treatment of infections in the small intestine, due to the higher concentration of bile in this region of the gastrointestinal tract than in the colon. The water insolubility of rifaximin is the likely explanation for the drug's minimal effects on colonic flora and fecal pathogens, despite in vitro susceptibility.
Diarrhea is one of the most common illnesses of international travelers, occurring in 20 to 50% of persons visiting developing regions from industrialized countries (2, 4) . The diarrhea-producing Escherichia coli strains important in traveler's diarrhea are enterotoxigenic Escherichia coli (ETEC) and enteroaggregative E. coli (EAEC) (1, 30) ; both ETEC and EAEC are known to be pathogens of the small bowel. ETEC is the most common causative agent, being identified in approximately half of the cases of traveler's diarrhea. It is also the most commonly isolated bacterial enteropathogen in children under age 5 years in developing countries (5) and is responsible for approximately 200 million diarrheal episodes and 380,000 deaths annually (43, 49) . ETEC colonizes the intestinal lumen by binding to specific receptors on the enterocytic surfaces. It produces two notable enterotoxins that cause pathology: a cholera-like heat-labile toxin and low-molecular-weight heatstable toxin.
Bile acids are biosynthesized in the liver from cholesterol through a multistep enzymatic process and form a major part of the organic component of bile (3) . Bile acids are highly hydrophobic and contain a perhydrocyclopentanophenanthrene steroid nucleus consisting of three six-membered rings fused to a fourth five-membered ring (26, 27) . Following secretion, the primary bile acids (chenodeoxycholic and cholic acids) undergo conjugation through a peptide linkage with either taurine (tauroconjugation) or glycine (glycoconjugation). The ratio of glycoconjugates to tauroconjugates in human bile can be as high as 9:1 in rural African women and as low as 0.1:1 in taurine-fed subjects (24, 42) . The conjugated bile acids further undergo modification by the indigenous lumenal bacterial flora during their intestinal transit mainly through deconjugation, 7␣-dehydrogenation (chenodeoxycholic acid to 7-oxolithocholic acid), and 7␣-dehydroxylation (cholic acid to deoxycholic acid and chenodeoxycholic acid to lithocholic acid) (6, 10, 13, 14, 23, 32, 33, 38, 48) . Cholic, chenodeoxycholic, deoxycholic, lithocholic, glycocholic, and taurocholic acids are the most abundant bile acids found in humans (15, 35) . The total bile acid concentration in the small bowel ranges from 2 mM to 30 mM (15, 36, 39) , depending on the diet and other metabolic conditions. Only 2 to 5% of the bile acids secreted in a healthy human enter the colon after reabsorption in the ileum (15, 22) .
Rifaximin, a largely water-insoluble, nonabsorbable (Ͻ0.4%), bacterial RNA synthesis-inhibitory drug has been shown to be safe and effective for the treatment of traveler's diarrhea caused by diarrhea-producing Escherichia coli (16, 44, 45) . Rifaximin is well tolerated and does not appear to induce important levels of resistance in enteric flora during repeated dosing (17, 18) . However, rifaximin has minimal effects on colonic flora (17, 18) , and this is likely related to the drug's insolubility in water due to its hydrophobic properties and the aqueous environment of the colon. The purpose of the present study was to evaluate the antimicrobial effect and bioavailability of rifaximin in aqueous solutions in the presence and absence of physiologic concentrations of bile acids.
(The study was presented at an oral session of Digestive Disease Week, New Orleans, LA, 2 May 2010.)
MATERIALS AND METHODS
ETEC strain H10407 was used as a model bacterium in all the susceptibility experiments. This strain produces both the heat-labile and heat-stable enterotoxins (LT and ST, respectively) important in the pathogenesis of traveler's diarrhea. The in vitro MIC of rifaximin for the test strain ranged from 32 to 128 g/ml (21, 40, 29, 41) . Rifaximin powder was obtained from Salix Pharmaceuticals, and bile acids (cholic, chenodeoxycholic, deoxycholic, glycocholic, lithocholic, and taurocholic acids) were purchased from Sigma Aldrich (St. Louis, MO). Equimolar concentrations (0.67 mM) of each of these bile acids were pooled (4 mM total bile acids) for the experiments. This is because the concentrations of total and individual bile acids in the gastrointestinal tract vary and dynamically change with the type of diet and metabolic condition of an individual; thus, the choice of a concentration that reflects the true physiological in vivo conditions is elusive.
Total human bile concentration determination. A sample of human bile taken after cholecystectomy was kindly provided by David Graham (Department of Medicine, Veterans Affairs Medical Center, and Division of Molecular Virology, Baylor College of Medicine, Houston, TX, and Study Design and Clinical Research Core, Texas Medical Center Digestive Disease Center). The total bile acid concentration was determined using a total bile acids assay (Diazyme Laboratories, CA). This was done by following the protocol provided by the manufacturer.
Rifaximin solubility. The solubility of rifaximin in different concentrations of synthetic bile acids and water as solvents was determined spectrophotometrically. In order to obtain a standard curve, rifaximin within a concentration range of 0.01 mg/ml to 20 mg/ml in 100% acetone was serially diluted with 100% ethanol. The sample was prepared by adding 12 mg of rifaximin powder to deionized water or a 2.5 mM, 5 mM, 7.5 mM, 10 mM, 15 mM, or 20 mM synthetic bile acids mixture (pH 7.4). The tubes were incubated for an hour and centrifuged at 16,000 ϫ g for 30 min to eliminate undissolved particles. Absorbance measurements at 450 nm of both standards and samples were taken simultaneously using a Multiskan EX spectrophotometer (Thermo Scientific, Waltham, MA). A regression equation from the standard curve was used to estimate the concentration of rifaximin sample in deionized water and bile acids. The percent solubility was calculated as (milligrams of rifaximin determined spectrophotometrically/ milligrams of rifaximin dissolved) ϫ 100.
Rifaximin dose-response using turbidity assay. Escherichia coli strain H10407 was grown in Luria-Bertani (LB) medium overnight to an optical density at 600 nm (OD 600 ) of 0.5 to 1.0. The mixture used in the experiment consisted of 30 ml LB medium containing rifaximin, human bile, or synthetic bile acids (cholic, chenodeoxycholic, deoxycholic, glycocholic, lithocholic, and taurocholic acids) and E. coli H10407. Rifaximin powder was added to LB medium containing synthetic bile acids or human bile at pH 7.4, and the mixture was incubated for 30 min at ambient temperature on a magnetic stirrer. Using the Diazyme assay, the total bile acid concentration of human bile was determined to be approximately 39.7 mM. Addition of a 10th dilution (ϳ4 mM) of the human bile to rifaximin resulted in a significant increase in the antimicrobial effect of the drug. On the basis of this observation, 4 mM total bile acid was used for all the experiments. In each experiment, an overnight culture of E. coli H10407 was added to the LB medium containing rifaximin and bile acids to an OD 600 of 0.04 (approximately 4 ϫ 10 7 cells/ml), and the mixture was incubated for 4 to 6 h at 37°C in a shaker at 200 rpm. Optical density measurements (OD 600 ) were made every 30 min. The experiment was replicated four times, and the average OD was used for the analysis.
␤-Galactosidase assay. ␤-Galactosidase is an essential enzyme required by E. coli for lactose metabolism under conditions of low glucose and high lactose concentrations. Inhibition of expression of this enzyme in a medium with limiting glucose and other sources of sugar but a large amount of lactose results in bacterial death when the sugar in the medium is exhausted. Rifaximin acts by binding to the beta subunit of bacterial DNA-dependent RNA polymerase, resulting in inhibition of RNA synthesis and, ultimately, protein synthesis. In a culture medium, the degree of this inhibition depends on the amount of rifaximin available. The extent of inhibition of expression of ␤-galactosidase by E. coli H10407 grown in the presence of rifaximin with and without bile acids was evaluated as an indirect measure of the bioavailability of rifaximin. The ␤-galactosidase assay was performed on the basis of the methodologies developed by Zhang and Bremer (50) and Miller (34) with some modifications. Briefly, the optical density (OD 600 ) of an overnight culture was adjusted to 0.5. An aliquot (500 l) of the culture was pipetted into different tubes (in triplicate) containing 8 g/ml, 16 g/ml, and 32 g/ml of rifaximin in 4 mM total synthetic bile acids. The culture was induced to express ␤-galactosidase with 1 mM isopropyl-␤-D-1-thiogalactopyranoside (IPTG) and incubated in a shaker for 90 min at 30°C. The controls consisted of 500 l culture; 1 mM IPTG; and 8 g/ml, 16 g/ml, or 32 g/ml rifaximin with no bile acids. To 1. After a 30-min incubation at 30°C, 600 l of substrate solution (60 mM Na 2 HPO 4 , 40 mM NaH 2 PO 4 , 10 mM KCl, 20 g/ml CTAB, 1 mg/ml o-nitrophenyl-␤-D-galactoside [ONPG], 2.7 l/ml ␤-mercaptoethanol) was added and the time of addition was recorded. The incubation was allowed to continue at 30°C for 40 min, after which 350 l of 2 M sodium carbonate (Na 2 CO 3 ) was added to stop the reaction. The assay tubes were centrifuged at 15,000 ϫ g for 15 min, and absorbance measurements at 420 nm were made in triplicate using the supernatant. The concentration of ␤-galactosidase (in Miller units) was calculated as {absorbance at 420 nm of assay/[(absorbance at 600 nm of 0.05 ml of culture) (reaction time)]} ϫ 1,000.
Effect of bile acids on rifaximin inhibition of E. coli H10407 measured by determination of total bacterial protein expression. The effect of rifaximin and bile acids on total protein expression by the bacteria during the first 5 h of incubation was evaluated. An overnight culture (0.5 ml) at an OD 600 of 0.5 was added to 30 ml of LB medium (pH 7.4) containing only rifaximin (16 g/ml), rifaximin and bile acids (16 g/ml rifaximin in 4 mM total synthetic bile acids), LB medium only, and 4 mM total synthetic bile acids only. Aliquots (1 ml) of the culture were taken every hour for total protein determination. To lyse the cells, 300 l of permeabilization solution (2.4 mg/ml hexadecyltrimethylammonium bromide, 1.2 mg/ml sodium deoxycholate, 600 mM dibasic sodium phosphate, 60 mM potassium chloride, 6 mM magnesium sulfate, 16 l/ml ␤-mercaptoethanol) was added. The tubes were incubated for 1 h at room temperature and centrifuged at 15,000 ϫ g for 20 min. The protein concentration was determined in triplicate using the Bradford assay (7) with bovine serum albumin as the standard. Each experiment was repeated three times, and the averages and standard deviations are reported.
Statistical analysis. To determine the significance level of the differences observed between the samples, Mann-Whitney two-tailed nonparametric tests of significance were performed using Prism (version 5.02) software for Windows (GraphPad Software, San Diego, CA). In all cases, statistical significance was defined as a P value of Ͻ0.05.
RESULTS
The effect of bile acids on the solubility of rifaximin was evaluated spectrophotometrically at 450 nm. Different dilutions of rifaximin in 100% acetone were initially evaluated over a concentration range of 0.01 mg/ml to 20 mg/ml. As shown in Fig. 1 , rifaximin is markedly more soluble in an aqueous solution in the presence of bile acids. Accordingly, within the concentration range analyzed, the aqueous solubility of rifaximin increased 70-to 120-fold in the presence of bile acids.
To confirm that the increased solubility of rifaximin in the presence of bile acid translates to improvement in its antimicrobial effect, the growth of E. coli H10407 in the presence of different concentrations of rifaximin and a constant physiologic total bile acid concentration was monitored. This was done by culturing the test ETEC strain in LB medium and measuring the OD 600 at 30-min intervals during the incubation period. The results showed that at physiological pH and temperature, 4 mM total bile acids did not have any inhibitory or killing effect but, rather, tended to modestly enhance bacterial growth ( Fig. 2 and 3) . In sharp contrast, rifaximin (16 g/ml) treatment in the absence of bile acids resulted in statistically significant (P ϭ 0.026; n ϭ 4) inhibition of bacterial growth during the incubation period. Strikingly, the effect of rifaximin became more remarkable and improved significantly when bile acid (P ϭ 0.007 for synthetic bile acids and P ϭ 0.012 for human bile; n ϭ 4) was added. No significant difference (P ϭ 0.686; n ϭ 4) between the effect of synthetic bile acids and that of human bile was observed. The antimicrobial effect increased with increasing concentrations of rifaximin (8 g/ml to 32 g/ml). Conversely, this observation was not feasible with increasing concentrations of bile acids due to its deleterious effect on the cells at higher concentrations (data not shown). After 4 h of incubation, 8 g/ml and 16 g/ml of rifaximin containing synthetic bile acids resulted in 2-fold and 5.5-fold increases, respectively, in the bacteriostatic effect over that for the samples with no bile acids (Fig. 4) . The effect of bile acids was more notable at lower concentrations of rifaximin.
To appraise the potential physiologic limitations due to the pooled equimolar concentrations of synthetic bile acids used, single bile acids (cholic, chenodeoxycholic, deoxycholic, glycocholic, lithocholic, or taurocholic acids) were evaluated (see Fig. S1A to F in the supplemental material). The E. coli H10407 cells were exposed to each of these bile acids in the presence and absence of a subinhibitory concentration of rifaximin (16 g/ml). The antimicrobial effect of rifaximin did not improve to a significant level on addition of 1 mM each single bile acid (data not shown). However, 4 mM of each single bile acid except lithocholic acid increased the antimicrobial effect of rifaximin beyond that observed from both pooled synthetic bile acids and human bile (Table 1) . In each case, the cell density underwent a further decrease in the presence of bile acid compared to that in cultures that contained only 
FIG. 2. Growth of ETEC strain H10407 in the presence of 16
g/ml rifaximin in water and 4 mM human bile at pH 7.4. Cells were grown with rifaximin in the presence and absence of human bile, and the absorbance at 600 nm was measured at 30-min intervals. MannWhitney two-tailed nonparametric t test analysis showed statistically significant differences between treatments, as follows: no rifaximin plus no bile acids versus 16 g/ml rifaximin, P ϭ 0.026 (n ϭ 4); no rifaximin plus no bile acids versus 16 g/ml rifaximin plus bile acids, P ϭ 0.002 (n ϭ 4); and 16 g/ml rifaximin versus 16 g/ml rifaximin plus bile acids, P ϭ 0.012 (n ϭ 4). The error bars represent the standard deviations between four replicate experiments.
FIG. 3.
Growth of ETEC strain H10407 in the presence of rifaximin (16 g/ml) in water and an equimolar mixture of the synthetic bile acids cholic, deoxycholic, chenodeoxycholic, glycocholic, lithocholic, and taurocholic acids at pH 7.4. The total bile acid concentration was 4 mM. Cells were grown with rifaximin in the presence and absence of bile acids, and the absorbance at 600 nm was measured at 30-min intervals. Mann-Whitney two-tailed nonparametric t test analysis showed a statistically significant difference between treatments, as follows: no rifaximin plus no bile versus 16 g/ml rifaximin, P ϭ 0.026 (n ϭ 4); no rifaximin plus no bile acids versus 16 g/ml rifaximin plus bile acids, P ϭ 0.002 (n ϭ 4); and 16 g/ml rifaximin versus 16 g/ml rifaximin plus bile acids, P ϭ 0.007 (n ϭ 4). The error bars represent the standard deviations between four replicate experiments.
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rifaximin. The percent decreases in cell density due to addition of cholic, deoxycholic, chenodeoxycholic, glycocholic, taurocholic, and lithocholic acids were 95.5%, 93.8%, 89.2%, 80.8%, 77.6%, and 43.9%, respectively. Together, the data illustrate that at physiologic temperature and pH, bile acids significantly increased the antimicrobial effect of rifaximin. The extent of RNA synthesis inhibition in the test ETEC strain by rifaximin and bile acids was investigated. This was done by monitoring the level of ␤-galactosidase expressed by E. coli H10407 grown in medium containing rifaximin with and without bile acids. In the presence of bile acids and no rifaximin, the level of expression of ␤-galactosidase was higher (indicating a lack of organism inhibition) than that by the untreated cells (control), as shown in Fig. 5 . On the other hand, the amount of the enzyme produced decreased in a dosedependent fashion below the control values when rifaximin was added to the culture medium. The enzyme level was, in turn, decreased below these already depressed values when the cells were treated with both rifaximin and bile acids. The percent decreases in inhibition of enzyme expression in samples containing bile acids and rifaximin at concentrations of 8 g/ml, 16 g/ml, and 32 g/ml were 33%, 49%, and 82%, respectively.
The total protein content of E. coli H10407 grown under different conditions of rifaximin and bile acids was monitored to further confirm the increased antimicrobial effect of rifaximin caused by addition of bile acids (as observed from the other methods). After 4 h of incubation, no significant difference (P ϭ 0.873; n ϭ 3) in the amount of total bacterial protein expressed between samples treated with only bile acids and the control was observed, as shown in Fig. 6 . Bacteria grown in a medium containing both rifaximin and bile acids expressed a smaller amount of total protein than those grown without bile acids. The percent decrease in total bacterial protein expression after a 4-h incubation when bile acids were added to medium containing 16 g/ml rifaximin was 59% compared to the level of bacterial protein expression for samples that contained an equivalent amount of rifaximin but no bile acids. These results indicate that addition of bile acids to rifaximin FIG. 4 . Growth of ETEC strain H10407 after 4 h incubation at 37°C in the presence of rifaximin (8 g/ml, 16 g/ml, and 32 g/ml) in water and 4 mM total synthetic bile acids in a pooled mixture of cholic, deoxycholic, chenodeoxycholic, glycocholic, lithocholic and taurocholic acids at pH 7.4. The error bars represent the standard deviations between four replicate experiments. makes the nonabsorbable antibiotic more bioavailable to inhibit an essential enzyme and proteins required for bacterial growth and that this inhibition occurred in a dose-response manner at sublethal concentrations of rifaximin.
DISCUSSION
Rifaximin is used for the treatment of bacterial diarrhea due to ETEC (16, 44, 45) and EAEC (28) , which are pathogens of the small bowel. The drug is not effective in treating colonic shigellosis (47) and is known to be poorly soluble in water, requiring dissolution in an organic solvent before in vitro susceptibility testing can be performed (29) . The present study shows the aqueous insolubility of rifaximin, which appears to explain the lack of drug effect in the colon. Rifaximin's colonic bioavailability appears to be below the average MICs of most coliform flora (ϳ32 g/ml), with the exception of colonic pathogens with lower MICs, such as Clostridium difficile (MICs ϭ 0.025 g/ml). Assays of rifaximin concentration in stools of treated subjects reveal large amounts of drug. However, due to the drug's low aqueous solubility, only low concentrations are bioavailable.
The study demonstrated an increase in rifaximin solubility with increasing concentrations of bile acids. This is consistent with the reported physical properties of bile acids that enable these natural detergents to dissolve other hydrophobic substances (11) . Bile acids contain structural components that are hydrophilic on one side and hydrophobic on the other. The amphipathic nature of bile acids enables them to self-associate in water to form polymolecular aggregates (11) . Each micelle contains 4 to 50 molecules, depending on the type and structure, which can solubilize other lipids as well as hydrophobic molecules in the form of mixed micelles.
We have provided data showing that the antimicrobial effect of rifaximin was markedly improved by the presence of bile acids. The positive antimicrobial effect of the rifaximin-bile acid mixture was shown to be dose related. Subinhibitory concentrations of rifaximin show inhibition of the tested ETEC strain when bile acids are added. ETEC grown in medium containing rifaximin and bile acids expressed smaller amounts of total proteins than ETEC grown in medium plus rifaximin without bile acids. It is likely that rifaximin could probably be solubilized by bile acids and delivered as mixed micelles to a wider area of the bowel. Rifaximin has to permeate the bacterial cell and enter the cytoplasm to exert its antimicrobial effects. The drug cannot enter the cell in its undissolved form, primarily due to steric constraint in the cytoplasmic membrane. Solubilization by bile acids reduces its particulate size and hence may allow it to enter the cell. Bile acids may also influence the cell membrane. Several factors determine the exact outcome of the action of bile on cell membranes. It is important to note that bile acids at high concentrations can rapidly dissolve membrane lipids and cause the dissociation of integral membrane proteins (12, 25) , resulting in the breakdown of the cell membrane and subsequent leakage of cell contents and bacterial cell death.
It should be noted that the concentration of bile acids used did not kill the ETEC cells but, interestingly, had a modest growth-promoting effect on this enterotoxigenic E. coli strain. The literature on the bile tolerance of Gram-negative bacteria is scanty, but they are generally alleged to be inherently more resistant to bile acids than Gram-positive bacteria (3). In fact, bile salts are often used in selective and enrichment media, such as MacConkey agar, salmonella-shigella agar, and violet red bile agar, to select for Gram-negative bacteria. E. coli is also frequently isolated from the gallbladder and bile of animals and humans (8, 9, 19, 37) . Gänzle et al. (1999) observed E. coli growth in the small intestine of a gastrointestinal tract model in the presence of high porcine bile extract concentrations where Gram-positive bacteria could not survive (20) .
Bile acid absorption occurs mostly in the small bowel by diffusion and sodium-dependent secondary active transport mechanisms (15) , which returns the bile to the liver via the portal vein and completes the enterohepatic circulation. This is an extremely efficient process and involves reabsorption of approximately 95 to 98% of the bile acids secreted in normal human bile (15, 22) . The small quantity of bile acid that escapes reabsorption in the small bowel enters the colon and is excreted in the feces. Our findings of increased drug activity in the presence of bile acids may explain why rifaximin shows a dose-response efficacy in the treatment of bacterial overgrowth in the small bowel (31) but with a minimal effect in the colon. On the basis of a rifaximin dose of 400 mg given three times a day (1,200 mg/day), the usual dose used in gastroenterology, we estimate that in an individual with a bile acid concentration in the small bowel of 5 to 10 mM, between 468 mg and 792 mg (39% to 66%) of the drug would be solubilized in the small bowel each day, whereas about 46 mg (3.8%) of rifaximin would be solubilized in the colon with an average bile salt concentration of 0.1 to 0.5 mM. FIG. 6 . Evaluation of total protein content of bacteria treated with 16 g/ml rifaximin and bile acids. Each treatment contained 4 mM total synthetic bile acids in a mixture of cholic, deoxycholic, chenodeoxycholic, glycocholic, lithocholic, and taurocholic acids at pH 7.4. Cells were grown with rifaximin in the presence and absence of bile acids, and aliquots were taken every hour for total protein concentration determination. The total protein concentration was determined using the Bradford assay. The error bars represent the standard deviations between three replicate experiments.
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While rifaximin is ineffective in the treatment of Shigella colitis, the drug effectively prevents the development of shigellosis when it is given prophylactically, before the ingestion of a virulent strain (46) . This is likely due to the antibacterial effect of rifaximin in preventing infection at the level of the bile-rich small intestine, with the drug having a limited effect once the bacteria colonize the colon.
It is likely that the increased antimicrobial effect of adding bile acids to rifaximin relates to the drug's increase in solubility due to the presence of hydrophobic bile acids at concentrations that are normally present in the small bowel, as our data demonstrate. However, the contributions of other factors that could affect bacterial growth, such as the effect of bile acids on the structural integrity of bacterial membrane and cell components, cannot be excluded. Further investigation is necessary to elucidate the exact mechanism under which this may occur. Mechanistically, we propose that bile acids, in addition to solubilizing rifaximin, may also weaken the bacterial cell membrane and thus increase the drug's entry into the cytoplasm. Our findings have important implications for the potential use of hydrophobic detergents and/or biocompatible compounds to improve the efficacies and antimicrobial effects of hydrophobic antibiotics. Questions that would need to be answered using this approach include a potential increase in absorption of the antibiotic and the effect of the more solubilized drug on the normal gut flora. We assume that alterations of the flora and inhibition of colonic bacterial pathogens would be a consequence of this modification, which could be an advantage.
